ABSTRACT
S
pinal cord vascular malformations, particularly arteriovenous malformations, are the most common causes of nontraumatic intraspinal bleeding, called "hematomyelia." 1 Spinal cord AVMs may present with acute neurologic symptoms or deterioration of pre-existing neurologic deficits after hematomyelia. 1 MR imaging is a useful tool for the diagnosis of hematomyelia and defining the type of vascular injury but may not be sufficient to accurately define the type of injury, the site of the shunt, and the angioarchitecture of the lesion. Angiography is therefore the reference tool for diagnosis, detailed analysis of the angioarchitecture of spinal vascular malformations, and defining the treatment strategy. 2 Due to the fragility of vascular lesions and their eloquent localization in the spinal cord, partial and targeted treatment can be proposed to avoid deterioration of the neurologic deficit because endovascular treatment is often technically challenging, especially when no specific vascular target is identified. Although a number of angioarchitectural factors associated with an increased risk of bleeding in cerebral AVMs have been described, [3] [4] [5] [6] [7] few published data are available concerning the risk of bleeding of spinal AVMs, particularly predictive factors of intraspinal rebleeding after a first episode of hematomyelia and predictive factors of long-term clinical outcome. Moreover, endovascular embolization is considered a good option to prevent rebleeding. 2, 8 The primary objective of this study was, therefore, to identify clinical, radiologic, and angiographic factors associated with recurrent hematomyelia in a series of children with hematomyelia. Treatment decisions and targets in the AVM management strategy could be facilitated when only partial removal was acceptable in terms of the risks of treatment, to prevent further bleeding. The secondary objective was to determine the clinical, radiologic, and angiographic factors of clinical severity after a first or subsequent episodes of hematomyelia.
MATERIALS AND METHODS

Patient Inclusion
The patient cohort was extracted from a single-center data base comprising 235 patients with spinal cord AVMs. Among them, 43 patients had a hemorrhage related to a spinal cord AVM. Patients older than 18 years of age (5 patients), patients without MR imaging or without clinical or imaging follow-up (3 patients), or patients with isolated subarachnoid hemorrhage secondary to their malformation (7 patients) were excluded from this study. A total of 28 patients younger than 18 years of age with an arteriovenous malformation and at least 1 episode of hematomyelia, followed jointly by the National Referral Center for Neurovascular Diseases in Children and the Pediatric Neurology Department, Hôpitaux Universitaires Paris-Sud, Hô pital Bicêtre, were included in a retrospective study from January 1, 1988, to December 31, 2012. We retrospectively reviewed the following clinical data: date of birth, sex, time of first episode of hematomyelia, date of discovery of the AVM, type of clinical symptoms at onset, date of recurrence, date of last follow-up, and the American Spinal Injury Association (ASIA) Impairment Scale score at onset, at first recurrence, and at last follow-up. We used the following ASIA Impairment Scale: A, complete neurologic deficit with no motor or sensory function; B, incomplete neurologic deficit with sensory but not motor function preserved below the neurologic level; C, incomplete neurologic deficit with motor function preserved below the neurologic level, muscle grade Ͻ3; D, incomplete neurologic deficit with motor function preserved below the neurologic level, muscle grade Ն3; and E, normal motor and sensory function. 9 The ASIA scale was assessed retrospectively on the basis of the neurologic reports in the patient charts. A severe ASIA score at onset or at last follow-up was defined by an ASIA Impairment Scale of A, B, or C, while ASIA Impairment Scale D or E was considered not severe. Most patients were referred to our center for further management of the AVM, and initial management at the acute phase of hematomyelia was therefore performed according to the primary physician's decision. Consequently, surgical decompression of the spinal cord was performed for 6 patients before referral in an effort to improve neurologic recovery. Two patients were treated by laminectomy alone, 2 patients underwent hematoma evacuation, and 2 patients underwent hematoma evacuation and partial nidus excision. One of these last patients experienced worsening of his previous neurologic status, and the other remained stable. First-line management of the malformation was always embolization. Only 1 patient was subsequently referred to another center for surgical excision following failure of AVM catheterization. This patient was lost to clinical follow-up.
When the mass effect resolved after hematomyelia, AVM treatment was always considered as soon as possible to avoid recurrence. All patients were treated by n-butyl 2-cyanoacrylate embolization under general anesthesia. The aim of endovascular management was to at least target angioarchitectural weaknesses such as intranidal aneurysms or pseudoaneurysms and to decrease the size of the malformation without inducing glue fragmentation and distal venous embolism. All procedures were performed with the patient under general anesthesia, and no specific monitoring or xylocaine test was used. No anticoagulation was used during endovascular treatment. Embolization was performed in 1 or several sessions in an attempt to cure the disease but was not successful in every case due to safety issues because the benefit/risk balance to cure the patient was sometimes considered unacceptable and only partial embolization was then performed.
Radiologic Assessments
Imaging review included conventional MR imaging sequences and macro-and microarchitecture on angiography before and after partial or complete treatment. All imaging examinations were reviewed by 2 experienced neurovascular specialists blinded to the diagnosis (G.S. and P. Lasjaunias or M.S.). All except 1 of the patients were assessed by MR imaging at clinical onset of symptoms. For 27 patients, acute hematomyelia was diagnosed in the context of a sudden episode of spinal cord neurologic deficit associated with focal changes on MR imaging: increased diameter of the cord with intraspinal hypointensity on T2* and hyperintensity on T1-weighted sequences surrounded by hyperintense edema on T2-weighted sequences. For 1 patient, hematomyelia was diagnosed on the basis of identical clinical features associated with hyperattenuation in the spinal cord on CT. Spinal cord MR images were analyzed for the size of the ASIA scale lesion on sagittal T2-weighted sequences: T2 hypersignal involving Ͼ3 vertebrae on sagittal MR imaging and T1 hyposignal corresponding to a signal identical to that of CSF on T1-weighted sequences.
We studied the following angioarchitectural features: type of arteriovenous malformation (ie, fistula or nidus), number (1, 2, or 3 versus Ͼ3) and type of arterial feeders (radiculomedullary feeders for arteries that feed the anterior spinal artery in the midline or radiculopial feeders for arteries that feed the ipsilateral posterior spinal cord artery), venous drainage (perimedullary venous drainage, radicular venous drainage, anterior spinal vein drainage, and draining vein stenosis Ͼ50%), vascular intranidal dilation (pseudoaneurysm corresponding to the site of vascular rupture, intranidal or draining vein aneurysm or ectasia), treatment (ie, endovascular embolization, surgery, both), and occlusion rate. Because it could not be determined whether the AVM perimedullary venous drainage traveled in a physiologic direction or corresponded to venous reflux, it was called "perimedullary venous drainage" and not "perimedullary venous reflux." All angioarchitectural features were assessed on angiography.
Perimedullary AVM venous drainage was defined as a dilated network around the spinal cord separated from the nidus itself and corresponding to direct drainage of the vascular malformation. A pseudoaneurysm was defined as vascular intranidal dila-tion (either arterial or venous) without a true wall and representing the nonthrombotic portion of the hematoma with a certain degree of contrast pooling on angiography. Anterior spinal vein drainage was assessed on angiography and checked on MR imaging because a single posterior midline longitudinal venous drainage can sometimes be incorrectly interpreted on angiography. Radicular vein drainage was defined as venous drainage through the intervertebral foramina. The various pathways of venous drainage are illustrated in Draining vein stenosis of Ն50% corresponded to a focal decrease in vein diameter by at least one-half. The nidus occlusion rate was assessed by measuring the decrease in the mean radius [(height ϩ width)/2]. Angiographic cure was defined as the disappearance of the nidus with no persistent arteriovenous shunts. The site of the AVM was classified into 3 groups comprising equal numbers of vertebrae: cervical (C1 to C7), upper thoracic (T1 to T7), and lower thoracic (T8 to conus medullaris), as previously proposed.
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Statistical Analysis
Statistical analysis was performed with the Statistical Package for the Social Sciences software for Windows (Version 17; IBM, Armonk, New York). Descriptive data were compared by using the 2 test or Fisher exact test for proportions and a Mann-Whitney test for continuous measurements. Differences were considered significant for P values Ͻ .05. Three angiographies were analyzed for each patient: the angiography performed at the time of the first or only episode of hematomyelia (Table 1) ; the angiography performed at the time of recurrence (last episode if several recurrences of hematomyelia) or any angiography performed close to the mean time of angiography performed for children with recurrence and for routine follow-up in children without recurrence (Table 2) ; and the last angiography performed. Statistical analysis of angiographic findings at the end of follow-up compared the results of the last angiography with the ASIA Impairment Scale (Table 3) .
Ethical Issues
This was a retrospective noninterventional study. No blood tests or clinical investigations were required in addition to standard care of these patients. The study was performed in accordance with French ethical guidelines.
RESULTS
All 28 malformations were intradural and were classified according to a previous classification 11 as follows: 18 intramedullary AVMs, 3 juvenile metameric AVMs, 6 intradural dorsal AVFs, and 1 intradural ventral AVF.
Risk of Recurrence of Hematomyelia
The main initial clinical and radiologic findings are summarized in Table 1 . The mean clinical follow-up for the 28 patients was 5.7 Ϯ 4.4 years. One or more recurrences were observed in 12 children (43%), with a mean follow-up of 3.3 years (median, 2.6 years; SD, 2.6 years; minimum, 0.1 year; maximum, 8.9 years) (date of last hematomyelia when Ͼ 1 recurrence). Children with recurrent episodes were older than those without recurrence, but the difference was not statistically significant. At the end of follow-up, 1 patient had experienced 3 episodes of hematomyelia, and 1 patient had experienced 2 episodes of hematomyelia and 1 episode of isolated subarachnoid hemorrhage. Similarly, boys tended to experience more recurrent episodes than girls, but no significant differences were observed in terms of clinical and MR imaging characteristics.
The frequency of spinal cord localization of the AVM was as follows: cervical (n ϭ 16, 57%) followed by upper thoracic (n ϭ 7; 25%) and lower thoracic (n ϭ 5; 18%). No recurrences were observed among patients with a lower thoracic AVM (P ϭ .01), while cervical and upper thoracic AVMs were frequently associated with recurrent hematomyelia (P ϭ .01). Twenty-five patients (89%) had a single spinal AVM, and 3 patients (11%) had multiple AVMs (spinal cord, n ϭ 1, or cerebral, n ϭ 2). Assessment of AVM angioarchitecture showed that fistulas tend to be rare in children with recurrent hematomyelia (28% of fistulas), while a similar percentage of nidus AVMs was observed in the 2 groups. Microarchitectural analysis demonstrated that radiculomedullary arterial feeder (P ϭ .03) and intranidal or draining vein ectasia (P ϭ .03) were observed more frequently in patients with recurrence.
At the time of recurrence (Table 2) , perimedullary venous drainage was the main factor associated with recurrence (P ϭ .002). An occlusion rate of Ն50% was associated with a decreased risk of recurrence (P ϭ .047), and no recurrence was observed when the occlusion rate was Ն70%.
Finally, at the end of treatment, the overall percentage embolization rate was similar for patients with 1 episode of hematomyelia and patients with recurrent episodes (mean/median/ϮSD/minimummaximum: 77%/90%/Ϯ32/0%-100% and 72%/85/Ϯ32/0%-100%, respectively).
Functional Prognosis
Complications related to endovascular treatment with temporary clinical deterioration were observed in 5 patients. No early hemorrhage (subarachnoid hemorrhage or hematomyelia) related to embolization was observed. Good recovery within 1 month was observed in all of these patients. No permanent deterioration directly related to endovascular embolization was observed.
At last follow-up (Table 3) , 11 children (39%) had a severe ASIA score. Apart from tetraplegia at onset (P ϭ .03), which was significantly more frequent in children with a severe ASIA score at last follow-up, no other clinical or MR imaging characteristics were noted. In angiographic studies, macroarchitecture was unremarkable, but recurrent hematomyelia (P ϭ .07) tended to be associated with a more severe clinical outcome. Endovascular arterial embolization was the treatment of choice for most patients in this population, and endovascular embolization was not performed in only 1 patient (refusal of treatment). A Ն90% decrease of the nidus or angiographic cure was not associated with better clinical outcome, and surgical decompression did not tend to improve clinical outcome.
DISCUSSION
This study presents the usual limitations of retrospective studies. The main patient recruitment of our institution via our referral center for CNS vascular diseases in children explains the predominant pediatric recruitment and probably explains the different modalities of management compared with series mainly including adults. The mean clinical follow-up was relatively short for the pediatric population, which confers a significant disadvantage in terms of determining the risk of a new episode of bleeding or 
open arrow). On angiography, the AVM (open arrow) is fed by a radiculomedullary artery (single arrow). The AVM is drained inferiorly by a radicular vein (double arrows) and superiorly by perimedullary veins (white arrow).
disability. In the present study, no significant difference in mean age was observed between patients with recurrence and patients without recurrence. Although the risk of bleeding at presentation has been previously described to be lower in adults than in children 1,8,12-14 due to the peak incidence at the growth spurt, the risk of recurrence does not appear to be different in a pediatric population.
The main result of this study is that the risk of recurrence of hematomyelia was increased in a particular condition: malformative perimedullary venous drainage (P ϭ .002). All patients who had a recurrence had perimedullary venous drainage compared with 33% of patients with a single episode of hematomyelia. This increased risk can be explained by a hypothesis based on mechanical considerations. Perimedullary venous drainage involves relatively small veins, while radicular venous drainage involves larger veins. However, venous drainage involving small veins may reflect higher upstream blood pressure inside the nidus. Because the outlet is smaller, it could interfere with venous outflow and could be responsible for higher blood pressure inside the AVM.
Higher pressure inside the AVM would therefore be associated with a higher risk of bleeding.
A high occlusion rate was correlated with a lower risk of recurrence. An occlusion rate Ն50% was associated with a lower recurrence rate (P ϭ .047). We can hypothesize that a nidus whose size was decreased by treatment was associated with lower blood pressure inside it and a lower risk of recurrent hematomyelia. When venous drainage is preserved during treatment, a decrease in the size of the nidus would proportionally decrease the pressure. In a 2007 study, Corkill et al 15 obtained a high occlusion rate with injection of Onyx (Covidien, Irvine, California). Although the occlusion rate was not specified, embolization achieved total or subtotal obliteration in 69% of cases with this liquid embolic system. A significant reduction of the flow load was obtained in the remaining patients, though a substantial part of the nidus remained patent. In their series, no recurrence of hematomyelia was reported with a mean follow-up of 24.3 months. The shorter follow-up in that study probably cannot explain this discrepancy in terms of recurrence rate compared with our series because the mean time to recurrence in our series was 3.7 Ϯ 2.7 years. The absence of recurrence of hematomyelia could also be explained by the high mean obliteration rate achieved by Onyx injection. However, it seems difficult to transpose this technique to our population, which was mainly children, while the study by Corkill et al mainly concerned adults.
A high rebleeding rate (43%) was observed in this study. Although few data are available in the literature concerning the real frequency of hematomyelia and recurrence, the risk of recurrence was higher than that reported after similar treatment (a similar acrylic agent such as n-butyl 2-cyanoacrylate or Glubran Tiss [Aspide Medical, La Talaudière, France]; 18%, 2/11 patients) 1 in an exclusively pediatric population, while no recurrences were observed after the use of Onyx. 15 Several explanations can be proposed for the high recurrence rate observed in our series: In 50% of cases (6 patients), rebleeding occurred before the first treatment session (failure of embolization [n ϭ 1]) or while the patient was waiting for transfer to our institution for embolization (n ϭ 5); these scenarios could explain why recurrence occurred and why the risk of rebleeding of spinal cord AVMs appears to be higher in the absence of treatment. Partial treatment was initiated for the remaining 6 patients who rebled: Three were treated surgically with partial removal of the hematoma and resection of the malfor- mation and 3 were treated by partial embolization. Only a small percentage of malformations were removed (mean percentage of treatment, 38%); this finding could also help to explain recurrence. Cervical AVM has been reported as associated with a higher risk of hematomyelia.
1 This appeared to be the case in our series because 57% of AVMs were cervical (16 patients), which was much more frequent, though not significantly, than upper thoracic (25%; 7 patients) and lower thoracic sites (18%; 5 patients).
Although the risk of recurrence was not significantly higher for cervical AVMs, a lower risk of recurrence was observed in the lower thoracic spine (P ϭ .01), in which no recurrences were observed. In lesions situated more caudally in the spinal canal, the Adamkiewicz artery may be frequently involved in the malformation. These AVM sites were considered very eloquent lesions, as in 3 of the 5 cases in this study. This lower recurrence rate can be explained by the high mean occlusion rate (95%) in this group of lower thoracic AVMs. The high mean occlusion rate can probably be explained by angioarchitectural findings because fistulas were more frequently observed in this site (63%, 3/5 patients) than in cervical (19%, 3/16 patients) or upper thoracic sites (28%, 2/7 patients). This angioarchitecture is usually easier to treat due to the presence of a smaller number of feeders usually presenting a good caliber that are easier to catheterize than in nidus AVMs with multiple small feeders. Intranidal aneurysms have been more frequently described in the spinal cord with bleeding on presentation, 1 as in our cases of recurrence (P ϭ .01). When possible, intranidal aneurysms should therefore be a target of choice during embolization, especially when only a small part of the malformation is removed. The present study was based on patients with one or several episodes of hematomyelia, and the results cannot be extrapolated to patients with spinal cord AVMs that never bleed. However, because of the rarity of these malformations, it would be difficult to conduct a prospective study in patients with nonbleeding spinal cord AVMs to assess the angiographic criteria associated with an increased risk of bleeding. When endovascular treatment is required, at least a 50% reduction of the AVM and especially obliteration of the perimedullary venous drainage could be considered as a treatment option when cure of the lesion is not associated with an acceptable benefit/risk balance. Moreover, a Ͼ90% decrease or anatomic cure was not associated with a better clinical outcome. Although this study was based on a small population, it supports the hypothesis that cure of malformations situated in high eloquent areas is not required to improve clinical outcome and prevent recurrence of hematomyelia. Finally, regarding the late clinical outcome, it is not surprising that recurrences were associated, though not significantly, with poorer outcome, because 64% of patients with recurrence had a severe ASIA score (ie, A, B, or C), while a severe outcome was observed in only 29% of patients without recurrence. These results suggest that treatment should be performed to prevent recurrence, which certainly constitutes one of the main parameters responsible for poorer outcome.
In this study, no clinical symptoms were associated with an increased risk of recurrence or severe ASIA score. In other my- elopathies, particularly inflammatory myelopathies in children, younger age at onset and the presence of sphincter involvement were associated with a poorer clinical prognosis. 16, 17 Imaging studies revealed that T1 hyposignal and extensive lesions could be MR imaging signs predictive of poorer outcome. In our study, we did not observe any clinical or MR imaging criteria able to distinguish recurrence or more severe ASIA scale apart from younger age, though not significant, suggesting that these factors are less important in hematomyelia in contrast to inflammatory myelopathies.
CONCLUSIONS
The treatment of spinal cord AVM while avoiding neurologic sequelae is challenging. In the presence of hematomyelia, treatment must prevent recurrence that can worsen the clinical status. When cure of the malformation is not associated with an acceptable benefit/risk balance, a 50% decrease of the malformation can constitute a good option to prevent further recurrence. Disappearance of perimedullary venous drainage appears to be 1 primary target of treatment to avoid recurrences.
